A mutation (modE), previously described as a membrane mutation, results in several modifications of the female developmental cycle: a high density of protoperithecia, the unscheduled development of protoperithecia into sterile perithecia on the homokaryons of each mating type, and the independence of ascospore outgrowth from the substances normally required for germination. Cultured in liquid medium, the modE strain showed two additional specific features: a higher growth yield than that of wild-type cultures (plus 10o of dry weight) and an extreme reduction of cell life span. Both mutant traits were specific to glucose limitation. Despite the large difference existing in the sensitivity of cells to glucose starvation, the glycogen and trehalose reserves of mutant and wild-type cells were nearly identical. Considered together, these results suggest that the primary effect of the mutation lies in the disruption of a glucose-dependent regulation controlling the transition of the metabolic pattern of cells from growth to quiescence.
A mutation (modE), previously described as a membrane mutation, results in several modifications of the female developmental cycle: a high density of protoperithecia, the unscheduled development of protoperithecia into sterile perithecia on the homokaryons of each mating type, and the independence of ascospore outgrowth from the substances normally required for germination. Cultured in liquid medium, the modE strain showed two additional specific features: a higher growth yield than that of wild-type cultures (plus 10o of dry weight) and an extreme reduction of cell life span. Both mutant traits were specific to glucose limitation. Despite the large difference existing in the sensitivity of cells to glucose starvation, the glycogen and trehalose reserves of mutant and wild-type cells were nearly identical. Considered together, these results suggest that the primary effect of the mutation lies in the disruption of a glucose-dependent regulation controlling the transition of the metabolic pattern of cells from growth to quiescence.
In microorganisms and animal cell cultures, the stationary stage occurs in response to nutrient exhaustion (4, 15, 19, 20, 28) . It is presumed that stationary physiology has evolved as a mechanism for cell survival under adverse conditions. Only a few studies have been conducted with a view to determining the main features of the metabolic pattern of stationary cells. In particular, no systematic comparisons of the proteins synthesized in proliferating and nonproliferating cells have been reported. It has not been determined whether the non-proliferating states are identical or dependent on the nature of the limiting nutritional factor. Furthermore, the mechanisms controlling the transition from growth to the quiescent state remain completely unknown. The same holds true for the reverse transformation of the protoplasm which insures the growth renewal of quiescent cells (spores or stationary cells).
In filamentous fungi, progression to the quiescent state does not result only from nutritional limitation. Indeed, it is assumed that cells undergo a progressive transformation of their metabolic pattern as a consequence of their location inside the hyphae.
In Podospora anserina, we have described mutations of two genes (modD and modG) which inhibit the transition from the non-proliferating to the proliferating stage by preventing both the growth renewal of internal cells of hyphae and ascospore outgrowth (7, 8, 17, 18) . In the present work, we investigate a mutation (modE) which has been selected (6) on the basis of the phenotypic suppression of a modD mutation. It is shown that the internal cells of modE thalli show low survival under glucose starvation. Investigation of this feature suggests that in the mutant cell differentiation is disrupted before the achievement of the quiescent stationary stage. Moreover, the modE strain shows novel features in the development of the female sexual cycle.
MATERIALS AND METHODS
Organism. P. anserina is an ascomycete whose asci contain four binucleate spores. Due to the formation of occasional uninucleate ascospores, it is possible to obtain homokaryotic strains of either the + ormating type that are identical to Neurospora strains. Indeed, the formation of fruiting bodies (perithecia) involves the fertilization of protoperithecia from one + or -strain by a suspension of microconidia from a strain of the opposite mating type. For details, see Esser (9) .
The modE mutation. The modD (2) strain was the source of the modE mutation. It is known (8) that modD mutations inhibit ascospore germination, protoperithecium formation, and growth renewal from stationary cells. modE has been selected (6) on the basis of the suppression of the modD(2) mutation in its inhibitory effect on the growth renewal of stationary cells. Then the modE mutation has been crossed out of A B FIG. 1 . Construction of heterokaryotic sectors showing a desired disproportion in the nuclear balance. The minor nuclear component derives from the inoculum placed in the center of the plate (x), and the major is from the inocula deposited on the margin (y). The symbol (U) designates inocula (x or y), and hatching designates heterokaryotic sectors. opment are nuclear-autonomous features, heterokaryotic mycelia were constructed according to Boucherie and Bernet (3) . In the case of the modE mutation, heterokaryons were formed by associating a modE nucleus with a modE+ nucleus of identical mating type. One inoculum of the modE' homokaryon (x) was deposited in the center of the plate. Some 36 h later, four inocula from the modE strain (y) were placed 2 to 3 mm outside the margin of the modE+ thallus (Fig. 1A) . Then, by means of concomitant growth and anastomosis, heterokaryotic sectors formed (Fig. 1B) . This procedure allowed the construction of heterokaryons showing a disproportion in the ratio of the two nuclei, with the nucleus from the strain placed at the margin (y) amounting to 90 to 95% of the total (1). To study the effect of the modE mutation on protoperithecia, the modE nucleus was chosen as the major nuclear component of the heterokaryon.
Culture media. Podospora culture media have been described (9) . To study protoperithecium formation, strains were cultured on a natural solid medium (basically a cornmeal extract). The synthetic medium used for the cultures grown in liquid medium contained glucose (30 mg/ml) as the carbon source and urea (1.5 mg/ml) as the nitrogen source.
Measurement of dry weight. Mycelia were grown at 26°C in liquid medium (100 ml) in Roux bottles (1,000 ml). The mycelia were harvested by suction on a glass filter washed with distilled water and desiccated for 24 h at 60°C.
Glucose determination. Glucose was determined enzymatically with the Biomerieux kit (Glucose enzymatique GOD) involving glucose oxidase and peroxidase.
A 20-pl portion of each fraction mixed with 1 ml of reagent was incubated for 10 min at 37°C and the absorbance at 505 nm was read against a blank containing reagent.
Glycogen determination. The method used for glycogen determination was that of Pfluger (14) with some modifications. Mycelium was disrupted in an LKB Xpress. A 500-,ul amount of KOH (30%o) was added to 0.1 g of mycelium. The suspension was heated (96°C, 30 min) and neutralized wth 85 RI of a saturated sodium sulfate solution, and 650 RI of ethanol was added to precipitate the glycogen. The tube was heated once more (95°C, 1 min) and centrifuged (5 min at 10,000 x g). The supernatant was discarded, and the pellet was suspended in 350 p.1 of water. Glycogen was reprecipitated with 440 ,u1 of ethanol and centrifuged. The pellet was suspended in 440 ,ul of water and centrifuged (10,000 x g, 10 min). A 100-pul portion of the soluble fraction or the insoluble fraction (suspended in 200 RI1. of water) was submitted to the enzymatic degradation of glycogen: to each fraction was added 1 ml of a mixture containing 29 pu1 of amyloglucosidase (Boehringer Mannheim, 102857) and 48 ,ug of a-amylase (Boehringer Mannheim, 161764) in 5 mM CaClz-50 mM sodium acetate, pH 5 (13) . Fractions were incubated for 8 h at 37°C with shaking, and the glucose concentration was measured as indicated above.
Trehalose determination. The method used for trehalose determination was that of Lillie and Pringle (20) with minor modifications. A 0.1-g portion (wet weight) of frozen mycelium was thawed in 300 ,u1 of 500 mM trichloroacetic acid, roughly homogenized, and left at room temperature for 60 min. After centrifugation (2 min at 10,000 x g), the same procedure was applied to the pellet with the addition of only 200 ,u1 of trichloroacetic acid. The combined supernatants were assayed for the presence of anthrone-positive material according to the method described by Spiro (27) .
RESULTS
Protoperithecia. In modE cultures, protoperithecia and aerial hyphae -occur in a higher density than in wild-type cultures. Because protoperithecia develop in a definite period (after growth completion) and can be easily detected and numbered on the surface of cultures, protoperithecium formation was investigated in detail. In wild-type cultures, protoperithecia ap- VOL. 154, 1983 on August 14, 2017 by guest http://jb.asm.org/ Downloaded from pear 3 to 4 days after the arrest of growth at the limit of the petri dishes. Then their density slowly increases during 15 days up to 25 protoperithecia per mm2 of culture. In modE cultures, protoperithecia appear with a final density of 120/mm2 (i.e., almost fivefold higher than the wild-type density), which is attained only 5 days after growth completion.
The modE strain from either the + ormating type also showed the spontaneous development of some protoperithecia (10-3 to 10 -4) into perithecia. This phenomenon is never observed in homokaryon cultures, in which perithecial development requires fertilization of protoperithecia by microconidia from a strain of the opposite mating type. The modE perithecia issuing from the spontaneous development of protoperithecia were similar to wild-type perithecia according to any external feature. However, in contrast to the latter, the mutant perithecia were completely free of asci and ascospores and contained only paraphyses. Previous results showed that, for an undetermined reason, dihydrostreptomycin affects protoperithecium formation in some Podospora mutants (2, 3). The addition of dihydrostreptomycin (4 mg/ml) increased the density of modE sterile perithecia from 6 to 80 per cm2 of culture. modE protoperithecia could also be fertilized by microconidia from a strain of the opposite mating type, giving rise to perithecia containing asci and ascospores. However, when the fertilization of the mutant cultures was achieved about 10 days after growth completion, no perithecia containing asci and ascospores developed. The cultures contained only perithecia arrested early in development. In comparison, wild-type cultures were able to support the development offertile perithecia for more than 6 weeks.
In Podospora, one protoperithecium is assumed to derive from one nucleus (1) . To determine whether the mutant traits reported above were intrinsic features of the protoperithecia, heterokaryotic mycelia were constructed by associating modE and wild-type nuclei. Furthermore, modC(I), a nuclear-autonomous mutation which inhibits protoperithecium formation (16), was coupled to modE or its wild-type allele to suppress the formation of protoperithecia derived from either the modE or the wild-type nucleus of the heterokaryon. In preliminary tests, it was verified that the modE modC(I) double-mutant homokaryon was female sterile, like the modC(I) mutant. The two following heterokaryons were constructed so that the nucleus carrying modE was the major nuclear component (see Materials and Methods): (i) modE+ modC(I) + modE modC+; (ii) modE modC(I) + modE+ modC+.
Protoperithecia occurred early, and sterile perithecia developed on both heterokaryons. In the first case, they were obviously derived from the female fertile modE modC+ nucleus. In the second heterokaryon, because of the female sterility associated with modC(l), protoperithecia were presumed to occur from the wild-type nucleus. This assumption was confirmed by means of appropriate crosses, using the heterokaryon as the female parent. It was also observed that a delay of 15 days in the fertilization of the heterokaryon did not result in the development of any fertile fruiting body.
The results drawn from the study of the second heterokaryons clearly showed that the protoperithecia derived from the wild-type nucleus presented the mutant traits of the protoperithecia of modE homokaryons. Thus, it may be deduced that the function impaired by the modE mutation is not, strictly speaking, a protoperithecial one, suggesting that the hyphal cells are the focus of the mutation. Accordingly, it might be supposed that the shortened functional longevity of modE protoperithecia was the consequence of a senescence of the thallus due to the early occurrence of cell death (autolysis).
Cell survival In modE cultures. Microscopic examination of cells of modE thalli grown on solid media showed that stationary cultures contained a higher proportion of dead cells than did wild-type cultures of identical age. To quantify the process of cell death and to determine its timing, mutant and wild-type strains were cultured in liquid medium and the mycelia were harvested to measure dry weight. The dry weight curves of wild-type and mutant cultures are given in Fig. 2A . The wild-type curve shows the three main classical periods of the growth of filamentous fungi cultured in liquid media: the growth period, the plateau (stationary stage), and the post-stationary stage, where the slow decrease in dry weight is the consequence of cell death (autolytic stage). From independent experiments involving six different modE strains, the dry weight curves of mutant cultures showed two reproducible differences, which both support the assumption of a shortened life span for the mutant cells. The first was the complete absence of plateau. The second consisted of severe decrease in dry weight. Indeed, a 150-mg diminution of dry weight occurred in 2 days and only over a period of more than 15 days in the autolytic stage of wild-type cultures. Apart from a reduction of cell survival, the modE strain showed an additional original feature. The maximum dry weight production is higher by about 10%o than that of wild-type cultures.
It is known that cells of mycelia grown in liquid medium enter the stationary stage in response to nutrient limitation. To determine which constituent of the culture medium was the limiting factor, urea, glucose, or a mixture of the minerals (phosphorus, sulfur, etc.) was added after 6 days of culture (i.e., before growth completion). Only the addition of glucose (data not shown) resulted in an increase of maximum dry weight of either wild-type or mutant cultures. This result thus indicated that the carbon source is the limiting nutrient of the standard synthetic medium. The strains were also cultured under urea limitation (0.1 mg of urea per ml instead of 1.5 mg in the standard medium). The results in Fig. 2B indicate that cell survival in mutant and wild-type cultures was not different when the nitrogen source was the limiting factor. Thus, it could be deduced that the mutant strain shows an altered response to the limitation of the carbon source.
Carbohydrate metabolism. The consumption of glucose was estimated by measuring the concentration of the sugar in the culture media of mutant and wild-type cultures. The results in Fig. 3A show that glucose exhaustion occurred after 8 and 11 days, respectively, in mutant and wild-type cultures, i.e., when both cultures attained the dry weight maximum. The data shown in Fig. 3B give the evolution of dry weight of cultures as a function of glucose consumption. It is shown that the exhaustion of glucose in mutant cultures is concomitant with both growth completion and the onset of the process of cell death. In wild-type cultures, autolysis is detected only 15 days later. From these results it clearly appears that the low survival of the (12, 20, 26) . The results reported in Tables 1 and 2 (20) . The present results show that glycogen and trehalose accumulate in Podospora cells early in development, even before the metabolic shift, which is defective in the modE strain. Then, it is tempting to postulate that cell differentiation in the mutant is disrupted before attainment of the quiescent state specific to stationary cells. It is the lack of this terminal differentiation which is assumed to be responsible for the low survival of cells after glucose exhaustion. This hypothesis is consistent with the results drawn from the study of mutant ascospores. Indeed, it may be supposed that ascospore differentiation is also disrupted in the mutant, thus preventing the achievement of the terminal stage, where outgrowth is possible only in the presence of specific germinants. (6) showed that modE is a membrane mutation. Thus, it appears that the accomplishment of cell differentiation can be dependent on the plasma membrane.
It might be of interest that the main features which distinguish modE from the wild-type strain of Podospora are also found in the comparison between normal and tumor-derived animal cells. Indeed, transformed cells continue to grow at nutrient (or inhibitor) concentrations at which normal cells are blocked (5, 21, 28) . Furthermore, it has been shown (11, 29) that tumor cells are highly sensitive to adverse conditions. From these data, it has been hypothesized that tumor cells are deficient in a control, situated at a unique point in the Gl nuclear stage (the "restriction point"), which shifts the metabolic pattern of cells from growth to quiescence (22, 25) . It is assumed that a block at this stage of cell division is a prerequisite for attaining the GO stage. The existence of a GO stage, associated with important chromosomal changes, has also been suggested in yeast (23, 24) . It is expected that further comparisons of modE and wild-type strains of Podospora will provide a contribution to the study of the mechanisms ensuring the transition from the proliferating to the nonproliferating stage.
